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Abstract. Supposewetranslatetwo differentsourcelanguages,��� and ��� , into
thesameintermediatelanguage;canthey safelyinteroperatein thesameaddress
spaceandunderthe sameruntimesystem?If � � supportsfirst-classcontinua-
tions (call/cc) and � � doesnot, can � � programscall arbitrary � � functions?
Would thefactof possiblycalling ��� imposerestrictionson theimplementation
strategy of � � ? Canwe compile � � functionsthat do not invoke call/cc using
moreefficient techniquesborrowed from the � � implementation?Our view is
thattheimplementationof acommonintermediatelanguageoughtto supportthe
so-calledpay-as-you-goefficiency: first-ordermonomorphicfunctionsshouldbe
compiledasefficiently asin C andassemblylanguages,even thoughthey may
bepassedto arbitrarypolymorphicfunctionsthatsupportadvancedcontrolprim-
itives(e.g.call/cc).In this paper, we presenta typedintermediatelanguagewith
effect andresourceannotations,ensuringthesafetyof inter-languagecallswhile
allowing thecompilerto choosecontinuationallocationstrategies.

1 Intr oduction

Safeinteroperabilityrequiresresolvinga hostof issuesincludingmixeddatarepresen-
tations,multiple functioncalling conventions,anddifferentimplementationprotocols.
Existingapproachesto languageinteroperabilityeitherseparatecodewritten in differ-
ent languagesinto different addressspacesor have the unsafe,ad hoc and insecure
foreignfunctioncall interface.

We positionour further discussionof languageinteroperabilityin the context of
a systemhostingmultiple languages,eachsafein isolation.The supportedlanguages
mayrangefrom first-ordermonomorphic(e.g. asafesubsetof C, or safe-Cfor short)to
higher-orderlanguageswith advancedcontrol,e.g. ML with first-classcontinuations.
We assumethat all languageshave type systemswhich ensureruntimesafetyof ac-
ceptedprograms.In otherwords,in this paperwe do not attemptto solve theproblem
of cooperatingsafelywith programswritten in unsafelanguages,which in generalcan	
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only be achievedat the expenseof “sandboxing”the unsafecalls or complex andin-
completeanalysesof theunsafecode.

We believe that interoperabilityrequiresa seriousandmoreformal treatment.As
a first step,this paperdescribesa novel type-basedtechniqueto supportprincipled
languageinteroperationamonglanguageswith differentprotocolsfor allocationof ac-
tivation records.Our framework allows programswritten in multiple languageswith
overlappingfeaturesto interactwith eachothersafelyandreliably, yetwithout restrict-
ing theexpressivenessof eachlanguage.

An interoperabilityschemefor activationrecordallocationshouldbe

– safe:it shouldnotbepossibleto violatetheruntimesafetyof a languageby calling
a foreignfunction;

– expressive: theschemeshouldallow inter-languagefunctioncalls;
– efficient: a languageimplementationshouldnotbeforcedto usesuboptimalmeth-

odsfor its own featuresin orderto provide supportfor otherlanguages’features.
For instancealanguagethatdoesnotusecall/ccshouldnothaveto beimplemented
usingheap-basedallocationof activationrecords.

Oursolutionis toensuresafetybyusingacommontypedintermediatelanguage[21]
into which all of thesourcelanguagesaretranslated.To maintainsafetyin anexpres-
sive interoperabilityschemethetypesystemis extendedwith annotationsof theeffects
of the evaluationof a term,e.g.an invocationof call/cc,andpolymorphictypeswith
effect variables,allowing a higher-orderfunction to be invokedwith argumentscom-
ing from languageswith differentsetsof effects.Thecentralnovelty of our approach
is the introductionof annotationsof the resourcesnecessaryfor the realizationof the
effectsof anevaluation;for instancea continuationheapmayberequiredwheninvok-
ing call/cc.Thusour typesystemcanbeusedto supportimplementationefficiency by
keepingtrack of the available language-dependentresources,andsafetyby allowing
semanticallycorrectinter-languagefunction calls but banningsemanticallyincorrect
ones.In additionto providing safety, makingresourcehandlingexplicit alsoopensnew
opportunitiesfor codeoptimizationbeyondwhataforeignfunctioncall mechanismcan
offer.

A commonintermediatelanguagelike FLINT [20, 21] will likely supporta very
rich setof featuresto accommodatemultiplesourcelanguages.Someof thesefeatures
may imposeimplementationrestrictions;for example,a practicalimplementationof
first-classcontinuations(asin SML/NJ or Scheme)oftenrequirestheuseof advanced
stackrepresentations[8] or heap-basedactivationrecords[22]. However in somecases
stack-basedallocationmaybemoreefficient,andideallywewould like to haveacom-
piler thatcantake advantageof it aslong asthis doesnot interferewith thesemantic
correctnessof first-classcontinuations.Similarly, whencompilinga simplesafe-C-like
languagewith no advancedcontrolprimitives(e.g.,call/cc) into FLINT, we maypre-
fer to compileit to codethatusesthesimplesequentialstackof standardC; programs
written in ML or Schemeusingthesesafe-Cfunctionsmustthenfollow the sameal-
locationstrategy wheninvoking them.This correspondsto the typical caseof writing
low-levelsystemsmodulesin C andproviding for theirusein otherlanguages,therefore
weassumethismodelin thesequel,but thedualproblemof compilingsafe-Cfunctions



calling arbitrary ML functionsby selectively imposingheapallocationon safe-Cis
similarly representedandsolvedwithin oursystem.

Thusour goal is efficient andexpressive interoperabilitybetweencodefragments
writtenin languagesusingpossiblydifferentallocationdisciplinesfor activationrecords,
for instance,ML with heapallocationandsafe-Cwith stackallocation.Thefollowing
propertiesof theinteroperabilityframework areessentialfor achieving thisgoal:

– ML andsafe-Ccodeshouldinteroperatesafelywith eachotherwithin the same
addressspace.

– All invocationsof safe-Cfunctionsin ML functionsshouldbeallowed(provided
they areotherwisetype-correct).

– Only the invocationsof ML functionsthatdo not capturecontinuationsshouldbe
allowedin safe-Cfunctions.

– Any activationrecordthatcanpotentiallybecapturedaspartof afirst-classcontin-
uationshouldalwaysbeallocatedon theheap(or usingsomefancy stack-chunk-
basedrepresentations[8]).

– It shouldbepossibleto usestackallocationfor activationrecordsof ML functions
whenthey areguaranteednot to becapturedwith afirst-classcontinuation.

– Theselectionof allocationstrategy shouldbedecoupledfrom theactualfunction
call.

The lastpropertygivesthe compilerthe freedomto switch allocationstrategiesmore
efficiently, insteadof followingafixedforeignfunctioninterfacemechanism.For exam-
ple,animplementationof ML mayuseheapallocationof activationrecordsby default
to provide supportfor continuationcapture.However, in caseswhenthecompilercan
provethata function’sactivationrecordis notgoingto beaccessiblefrom any captured
continuation,its allocationdisciplineis ambiguous;stackallocationmaybepreferred
if the function invokes,or is invokedby, safe-Cfunctionswhich usestackallocation.
This specializationof codeto a differentallocationstrategy effectively createsregions
of ML codecompiledin “safe-Cmode”with theaim of avoiding theswitchbetween
heapandstackallocationoneverycross-languagecall. In general,theseparationof the
selectionof allocationstrategy from thecall allows its treatmentasacommodityprim-
itiveoperationandsubjectsit to othercode-motionoptimizations,e.g.hoistingit outof
loops.

The proposedmethodcanbe appliedto achieving moreefficient interoperability
with existing foreign codeaswell, althoughobviously in this casethe usualfriction
betweensafetyand efficiency can only be easedbut not removed. In particularthe
possibilityto selecttheallocationstrategy switchpoint remains,thushigherefficiency
canstill beachievedwhile satisfyinga givensafetypolicy by specializingsafecodeto
“unsafemode”(e.g.for runningwith stackallocationwithin a sand-box).

2 A Resourceful Intermediate Language

To satisfythe requirementsfor efficient interoperability, outlinedin the previoussec-
tion, we definean A-normal-form-basedtyped intermediatelanguageRL (Figure 1)
with typeshaving effectandresourceannotations.Intuitively, aneffectannotationsuch



as 
�
 indicatesthata computationmaycapturea continuationby performingcall/cc;
a resourceannotationsuchas � (continuationheap)or 
 (continuationstack)means
that the correspondingruntimeresourcemustbe availableto the computation.1 Non-
trivial effectscanbeprimitive,effectvariables,or unionsof effects;commutativity and
associativity of theunionwith � asa unit areconsistentwith the typing rulesandwe
assumethemfor brevity of notation.Eacheffect canonly occurwhenthe properre-
sourcesareavailable,e.g. 
�
 would requirethe useof heap-basedactivation record
allocation.Both theeffectandresourceusageannotationsareinferredduringthetrans-
lation from thesourcelanguageto theintermediatelanguage,andcanbeusedto assist
codegenerationandto checkthevalidity of cross-languagefunctioncalls.

RESOURCES ����� ���
stackcontinuationallocation���
heapcontinuationallocation

EFFECTS ����� ���
none�����

call with currentcontinuation���
effectvariable,

�� "!$#&%('*)� �&+,�
unionof effects

TYPES -/.103254 ��� �76
where

6  98�'*:<;>= -(.10� 4@?AB C 4 resource/effect-annotatedfunctiontype� 4 ?EDEF(GIH
resource-annotatedcontinuationtype��JK�ML �ON 4

boundedeffect-polymorphictype

VAL UES AND TERM S P ��� �RQ
constant

Q  TSVUOWX:1Y��Z
variable

Z9 [%('*)��\ ? Z � 4 NE]
resource-annotatedabstraction��^��ML �ON P

boundedeffectabstraction��Z�_ �a`
effectapplication]b��� �dc eOf ? Z �g]ihkj�]

resource-annotatedbinding�ml P(n ?
resource-annotatedvalue�ml ] n C

addingspuriouseffects��oMp e ?Vq ]Or
resourceselection�ts�ZuZ

application�tvxw cyc vxvzZ{� f}|(~���� _ 4 ` ZuZ
first classcontinuations

Fig.1. Syntaxof a resource-awareintermediatelanguageRL

Theresourcesrequiredandeffectsproducedby a functionaremadeexplicit in its
type. A continuationcan potentially produceall effects possiblewith the set of re-
sourcesavailableat thepointof its capture;for thatreasoncontinuationtypesonly have
a resourceannotation.

1 In thispaper, wefocusonapplicationof thissystemto interoperabilityissuesrelatedto contin-
uationallocation,but morediversesetsof resourceswill benecessaryin a realisticlanguage.



Functionabstractionsareannotatedwith the resourcesthey may requireandwill
maintain.In a higher-orderlanguagetheeffect of theevaluationof a functionapplica-
tion maydependontheeffectsof its functionalarguments;thisdependenceis expressed
by meansof effect polymorphism.Polymorphicabstractionsintroducevariablesrang-
ing overthesetof possibleeffectsof theterm.Sincethepossibleeffectsaredetermined
by theavailableresources,we have boundedeffectpolymorphism; the relation �����
(definedin the context of an effect environmentin Figure3) reflectsthe dependence
betweeneffectsandresources,e.g.that �M�K�k�y�(� canonly beperformedif continuations
areheap-allocated.Theeffectapplication��� ��� instantiatesthebodyof thepolymorphic
abstractionto which � is bound.The languageconstruct�K�I�/������� servesto mark the
point wherea changein the allocationstrategy for activation recordsis required.In-
steadof having effect subsumptionthelanguageis equippedwith a construct�����1� for
explicitly increasingthesetof effectsof � to include � .

Example1. Theuseof resourceannotationsto selectallocationstrategiesis shown in
theRLcodebelow which includesextra typeannotationsfor clarity.

� �(�x�a�X�/�X� �� �¡£¢�¤*¥ ¦ ��§ ¥ �¨��©Eª���«­¬ ¢®¤O¥ �¯° ¥ ¢®¤*¥ ©�±�«�²/³/�}�
: ´ ¥ �¨��©*� ¢�¤*¥ �¯° ¥ ¢®¤O¥ � �¯° ¥ ¢�¤*¥�­µ/µ£¶ 
�
 ¦ �·ª �t¸ ¬ ¢�¤*¥ ©

� �(� �º¹ ¦ �·ª»�u¼�¬ ¢®¤O¥ � ¹ ¡$¤*¥ ©� �(�x�&½ ¦ ±i¾À¿ ¹x¹ ¸ÂÁ®Ã �xÄ$ÅÇÆ/È,� ¢�¤*¥ �V¼5½O�}�Á®Ã �(�É���y�M� ¹ �}�
:

¢®¤*¥ �¯° Ê*Ê ¢�¤*¥�­µ/µ£¶ Ë ¿/ÌÎÍ ¦ �·ªaÏ ¸ ¬ ¢�¤*¥ ©�±i¾À¿ ¹x¹ ¸ �}�
:

¢®¤*¥ Ï¯°ÑÐ ¢�¤*¥
�­µ/µ£¶ Ò Ì �X�/� Í µ&¦ �·ª»� ¸ ¬ ¢�¤*¥ ©��É�I�XÏ��·± �­µXµa¶ Ë ¿XÌÑÍ ¸ �}�}�

:

¢®¤*¥ �¯°ÑÐ ¢�¤*¥
Á®Ã ±,� �X�X�/� �­ �¡a¢®¤*¥ �y
�
��Ó� �­µ/µ£¶ 
�
ÂÔ±,� �X�X�/� �­ �¡a¢®¤*¥ � ���Ó� �­µXµa¶ Ò Ì �X�X� Í µ

The function

�X�X�/� �­ �¡a¢®¤O¥
is polymorphicin the effect of its parameter, but theparam-

eter’s resourcerequirementsarefixed – it mustuseheapallocation.We considertwo
applicationsof

�X�X�/� �­ �¡a¢®¤O¥
. Theargumentin thefirst,

�­µ/µ£¶ 
�
 , is a functioninvoking�M�K�k�y�M� , whichconsequentlyusesheapallocation;on theotherhandtheargumentin the
secondapplication,

�­µ/µ£¶ Ë ¿/ÌÎÍ , is pureandusesstackallocation.It is thereforeincor-
rectto apply

�X�X�/� �­ �¡a¢®¤*¥
to

�­µ/µ£¶ Ë ¿/ÌÎÍ . Weuseawrapperto coerceit to thepropertype:



we apply

�X�X�/� �­ �¡a¢®¤O¥
to

�­µXµa¶ Ò Ì �X�X� Í µ whoseactivationrecordis heap-allocated,and
whosefunction is to switch to stackallocation(via �É�I�/Ï ) beforecalling

�­µXµa¶ Ë ¿XÌÑÍ .
Heapallocationis resumeduponreturnfrom

�­µ/µ£¶ Ë ¿/ÌÎÍ .
3 Two SourceLanguages

To further illustratethe advantagesof this systemwe considerthe problemof trans-
lating into RL two sourcelanguages(Figure2): a languageHL with controloperators
( �M�K�k�k�M� and�xÄaÅÇÆ(È ), implementedusingheap-basedallocationof activationrecords,and
a languageSLwhich alwaysusesstackallocation.HL alsoallows declaringat thetop
of a programthe identifiersof entitiesimportedfrom SL code.The type systemsof
theselanguagesareassumedmonomorphicfor simplicity, sincepolymorphismin types
is largelyorthogonalto theeffectpolymorphismof RL.

SLTYPES Õ SL

�k� �R6 � Õ SL
B Õ SL

SLTERMS
]

SL

�k� ��Q ��ZÖ��\XZ � Õ SL

N1]
SL

� ]
SL

]
SL

� c exf Z �g]
SL

hkj�]
SL

HL TYPES Õ HL

�k� �R6 � Õ HL
B Õ HL

� Õ HL

D×F/GIH
HL TERMS

]
HL

�k� ��Q ��ZÖ��\XZ � Õ HL

N<]
HL

� ]
HL

]
HL

� c eOf Z �g]
HL

hkj�]
HL��vÀw cyc vxv ]

HL

� f}|/~Ó��� _ Õ HL

`X]
HL

]
HL

HL PROGRAMS Ø HL

�k� �d]
HL

� eOÙxf<e�~·j w c q
SL
r Z � Õ SL

hkj Ø HL

Fig.2. Syntaxof thesourcelanguagesSLandHL

Theresourceannotationsin RLprovideinformationabouthandlingof thestackand
heapresources,necessaryin thefollowing situations:

– whencalling from HL a functionwritten in SL, whichmayrequireswitchingfrom
heapallocationof activationrecordsto allocationonthestackusedby SL; theheap
resourcemustbepreservedfor useuponreturnfrom SLcode.

– whencallinganHL functionfrom SLcode,whichis only semanticallysoundwhen
the evaluationof the function doesnot capturea continuation,sincepart of the
continuationdatais stack-allocated;the typesystemmaintainsinformationabout
thepossibleeffectsof theevaluation,in thiscasewhether�M�K�k�y�M� mightbeinvoked.

– whenselectinganallocationstrategy for HL functionscalled(directlyor indirectly)
from within SL code;either their activation recordsmustbe allocatedon the SL
stack,or thelattermustbepreservedandrestoreduponreturnto SL.

– whenselectingan allocationstrategy for HL codeinvoking SL functionsbut not�M�K�k�y�M� , in orderto optimizeresourcehandling.

Example2. Considera programconsistingof a Ú �(Û�¤ fragmentin HL invoking the�(Ü(�E�ÉÅ Ã �K� SL function

�X�/�X� �­ �¡a¢®¤O¥
with the HL function

�­µ/µ£¶
asan argument;the call

is meaningfulbecause

�­µXµa¶
doesnot invoke �M�K�k�y�M� . Only the SL typeof the external

functionis givento theHL programwhichis separatelycompiledwithoutaccessto the
detailedeffectannotationsinferredfrom thecodeof theSL fragment.



SL fragment

�X�X�X� �� �¡£¢�¤*¥
:ªK«z¬ ¢®¤O¥ ° ¢®¤O¥ ©­¾x¿ ¹O¹ �>«»²/³(�

Theresultof its separatecompilationinto RL, which usesstackallocation(for details
of thetranslationwe referthereaderto Section5) is�X�/�X� �� �¡£¢�¤*¥�¦ § ¥ �Ý
»©Eª Ï «�¬ ¢�¤*¥ Ï¯° ¥ ¢�¤*¥ ©��y�(� Ï ¸ ¦ ±5«Þ²/³ Á®Ã ±i¾À¿ ¹x¹ ¸

¬­´ ¥ �Ý
»©�� ¢®¤O¥ Ï¯° ¥ ¢®¤O¥ � Ï¯° ¥ ¢�¤*¥
HL fragmentÚ �(Û�¤ :�(Ü(�E�ÉÅ Ã �K�Î� SL� �X�/�X� �­ �¡a¢®¤O¥ ¬9� ¢®¤O¥ ° ¢®¤*¥ � ° ¢�¤*¥

Á®Ã � �/� �­µ/µ£¶�¦ ª ¸ ¬ ¢�¤*¥ ©­¾À¿ ¹x¹ ¸Á®Ã �X�X�X� �� �¡£¢�¤*¥V�­µ/µ£¶
Theresultof its separatecompilationinto RL is

Ú �(Û�¤i¦ ª�� �X�X�/� �­ �¡a¢®¤O¥ ¬Ó´ ¥ �"
�©*� ¢®¤*¥ Ï¯° ¥ ¢�¤*¥ � Ï¯° Ð ¢®¤O¥ ©
� �/� � �X�X�/� �­ �¡a¢®¤O¥ � ¦ ��§ ¥ �Ý
»©

ª»��«*¬ ¢�¤*¥ �¯° ¥ ¢®¤O¥ ©
� �(� � « 
 ¦ �·ª ÏV¸ ¬ ¢�¤*¥ ©­�K�I� � �·±5« ¸ �}� �Á®Ã �K�I�/Ït��±&� �X�/�X� �­ �¡a¢®¤O¥ � ¥ �>��« 
a�1�}�

: ´ ¥ �Ý
»©*� ¢�¤*¥ �¯° ¥ ¢�¤*¥ � �¯° Ð ¢�¤*¥
�­µXµa¶ ¦ ��ª�� ¸ ¬ ¢®¤O¥ ©*±i¾À¿ ¹x¹ ¸ �}�

:

¢�¤*¥ �¯°ÑÐ ¢®¤O¥
Á®Ã ± �X�X�/� �­ �¡a¢®¤*¥ ��� ��� �­µXµa¶

¬ ß ´ ¥ �Ý
»©*� ¢�¤*¥ Ï¯° ¥ ¢®¤O¥ � Ï¯° Ð ¢�¤*¥<à �¯° Ð ¢�¤*¥
Thetranslationinferspolymorphiceffect typesusinga simplifiedversion2 of standard
effect inference[23]. The resourceannotationsarefixed by the sourcelanguage;the
typeof anexternalSL function in anHL programis annotatedwith theSL resources.
In the codeproducedafter translationtheexternalfunctionsarecoercedto matchthe
resourcesof HL usingautomaticallygeneratedwrappers.In theabovecode,theparam-
eter « of

�X�X�X� �� �¡£¢�¤*¥ � is wrappedto « 
 beforepassingit to

�X�/�X� �� �¡£¢�¤*¥
; the function

of thewrapperis to switchfrom thestackallocationdisciplineusedby SLto heapallo-
cationbeforeinvoking thecodefor « , andresumestackallocationuponreturn.Dually,
thecall to

�X�X�/� �­ �¡a¢®¤*¥
itself is wrappedto enablestackallocationinsideHL code.

2 As presentedhereoursystemdoesnotkeeptrackof regionsassociatedwith effects.



Sincethefull RL typeof theSL fragmentis not availableto it, theeffect inference
mustconseratively approximatethe effectsof the SL functions.It treatsthe external�X�/�X� �� �¡£¢�¤*¥

in the HL fragmentasan effect-polymorphicparameterin orderto allow
its invocationswith argumentswith differenteffects.The price we pay for inference
with this polymorphismin thecaseof separatecompilationis thatwe assumethat the
effectsof theseinvocationsarethemaximalallowedwith theresourcessharedbetween
the languages(in Example2 we loseno precisionsinceSLhasno effects,but theap-
proximationis reflectedin theeffectannotation� of thetypeof theparameterof Ú �(Û�¤ ).
The following code,constructedmechanicallygiven the inferredandexpectedtypes
of

�X�X�X� �� �¡£¢�¤*¥
, coercestheactualtypeof

�X�X�X� �� �¡£¢�¤*¥
to theapproximationusedin the

typingof Ú �(Û�¤ andperformsthetop-level application,thuslinking themodules.

� �(�x�º�X�/�X� �­ �¡a¢®¤O¥ áb� ¿*Í ¦ ��§ ¥ �Ý
»©IªaÏ�«�¬ ¢®¤O¥ Ï¯° ¥ ¢®¤*¥ ©X��± �X�/�X� �­ �¡a¢®¤O¥ � ¥ �$«�� Ð �}�
: ´ ¥ �Ý
»©*� ¢�¤*¥ Ï¯° ¥ ¢�¤*¥ � Ï¯° Ð ¢®¤*¥

Á®Ã ±uÚ �(Û�¤��X�X�/� �­ �¡a¢®¤O¥ áb� ¿�Í
More preciseinferenceof the resultingeffectsis possiblewhenthe externalfunction
is a pre-compiledlibrary routinewhoseRL type (with its preciseeffect annotations)
is availablewhen compiling Ú �(Û�¤ . In thosecaseswe can take advantageof the let-
polymorphismin inferring a type of Ú �(Û�¤ (in a settingsimilar to that of Example1).
Howevereventheapproximatedeffectsobtainedduringseparatecompilationcarryin-
formationthatcanbeexploitedfor theoptimizationof inter-languagecalls,observing
thattherangeof effectsof a functionis limited by theresourcesof its sourcelanguage.
In Example2, after inlining andapplyingresultsof Section4.4 (Theorem2), thecode
for Ú �(Û�¤ canbeoptimizedto eliminatetheunnecessaryswitchto heapallocationin the
instanceof « 
 . Thisyields

Ú �(Û�¤�¦ �·ª»� �X�/�X� �� �¡£¢�¤*¥ ¬Ó´ ¥ �Ý
»©�� ¢®¤O¥ Ï¯° ¥ ¢®¤O¥ � Ï¯°ÑÐ ¢�¤*¥ ©
� �(�x� �­µ/µ£¶ ¦ ��ª�� ¸ ¬ ¢®¤*¥ ©�±5¾x¿ ¹O¹ ¸ �×� (* now deadcode*)�­µ/µ£¶ 
 ¦ ��ª£Ï ¸ ¬ ¢�¤*¥ ©�±i¾À¿ ¹x¹ ¸ �×�
Á®Ã �K�I�/Ï���±&� �X�/�X� �­ �¡a¢®¤O¥ � ���Ó� �­µ/µ£¶ 
a�}�}�

Thus the HL function

�­µXµa¶
hasbeeneffectively specializedfor the stackallocation

strategy usedby SL.

Example3. Anotheroptimizationis mergingof regionswith thesameresourcerequire-
ments,illustratedon thefollowing HL codefragment.

�(Ü/�×�ÉÅ Ã �K�Î� SL� Û�¤O¥Àâa¤ ¬ ¢�¤*¥ ° ¢�¤*¥ Á®Ã Û�¤O¥Àâa¤ � Û�¤O¥Àâa¤ ²/³(�
which is naively translatedto the RL function (shown after inlining of the parameter
wrapper)



§ ¥ �Ý
»©Iª»� Û�¤*¥Àâ$¤ ¬ ¢®¤*¥ Ï¯° ¥ ¢�¤*¥ ©
�y�(�O� ¸ ¦ �ã�É�I�XÏ��·± Û�¤*¥Àâ$¤ ²X³(�1�×�ÁÑÃ �K�I�/Ïb�·± Û�¤*¥Àâ$¤ ¸ �

After combiningthetwo �K�I�/Ïb�<äy� constructstheequivalentRL termis

§ ¥ �Ý
»©Iª»� Û�¤*¥Àâ$¤ ¬ ¢®¤*¥ Ï¯° ¥ ¢�¤*¥ ©
�K�I�/Ït�»�y�(�IÏ ¸ ¦ �·± Û�¤*¥Àâ$¤ ²X³/�1Ï ÁÑÃ ± Û�¤O¥Àâa¤ ¸ �

A generalizationof this transformationmakespossiblelifting of �K�I� � �<äy� constructs
out of a loop whenthe resources� aresufficient for all effectsof the loop. Sincein
generala resourcewrappermustrestoreresourcesuponreturn,a tail call moved into
its scopeeffectively becomesnon-tail; thuslifting a wrapper’s scopeover a recursive
tail call is only usefulwhenthewrapperis lifted out of theenclosingfunctionaswell,
i.e.outof theloop.

4 Semanticsof RL

4.1 Static Semantics

Correctnessof resourceuseis ensuredby the type systemshown in Figure3, which
keepstrackof theresourcesnecessaryfor theevaluationof a termanda conservative
estimateof theeffectsof theevaluation.

An effect environment å specifiesthe resourceboundsof effect variablesintro-
ducedby effectabstractionsandeffect-polymorphictypes.Therulesfor effectsequents
reflectthedependenceof effectson resources(in this languagethis boils down to the
dependenceof the call/cc effect 
�
 on the heapallocationresource� ) andform the
basisof effectpolymorphism.Thefunction æèçxé­ê�ë yieldsthemaximaleffectpossible
with a givenresource;in thissystemwehave æèçOé�êÞëT�·
$� ¦ � and æèçxé­ê�ëì�}�z� ¦ 
�
 .
Rule íEîXï£ð×Ú � ¸(ñ effectively statesthattheresource��ò canbeusedinsteadof resource�
if � ò providesfor all effectspossibleunder� .

In the sequentsassigningtypesto valuesandtermsthe typeenvironment ó maps
freevariablesto types.Typejudgmentsfor valuesassociatewith avalue ô andapairof
environmentså and ó only a type õ , sincevalueshave no effectsandthereforetheir
evaluationrequiresno resourcesof thekind wecontrol.Thefunction ö mapsconstants
to theirpredefinedtypes.

Sequentsfor termshave the form �/ÔIå3Ô×óø÷Où��"¬ � õ , where � representstheavail-
ableallocationresource,õ is thetypeof � , and � representstheeffectsof its evaluation.
Rules í×î ¸ � ð � Í ¥ ñ and íEî ¸ � ð�ú �X� ñ establishthe correspondencebetweenthe resourcean-
notationsin theseconstructsandthecurrentlyavailableallocationresource;theeffect
of lifting avalueto a termis none,while theeffectof sequencingtwo computationsvia� �(� is the union of their effects.Any effect allowedwith the currentresourcemay be
addedto theeffectsof a termusingrule íEî ¸ � ð�¾ � ¿XÌ Û ¡ ¿*¾ ñ .

Thecentralnovelty is the �É�I�/�×ûK�Çäk� constructfor resourcemanipulation;its typing
rule í×î ¸ � ð}¿�¾1Í ñ imposesthe crucial restrictionthat the effect � of the term � mustbe
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Fig.3. TheRL typesystem



supportedby theresource� availablebeforethealternativeresource�­ò is selected.This
ensuresthecorrectnessof thepropagationof � outsidethescopeof the �É�I�X�}ûK�<äy� .

Therulesfor applicationand�M�K�k�y�M� setthecorrespondencebetweentheavailablere-
sourceandtheresourcerequiredby theinvokedfunction.In addition, íEî ¸ � ð ¹ �X�y� ¹x¹ ñ andí×î ¸ � ð ¥:K Ì ¡�L ñ specify that the continuationtype is annotatedwith the sameresource,
which is neededby the context capturedin the continuationand thereforemust be
matchedwhenit is reactivated.The effect of evaluatinga �(�É���y�M� includes 
�
 , while
the effect of a �ÀÄaÅÇÆ/È is that of the restof thecomputation,which we estimateasthe
maximalpossiblewith thecurrentresource.

By inductiononthestructureof atypingderivationit followsthatif atermhasatype
in a givenenvironment,it hasexactly onetype,andthe presenceof type annotations
allows its effectivecomputation,i.e. thereexistsa function ê�ëNMPO@Q�RTSVU suchthat

ê�ëWMXO@QXR2SVU,�Ó��Y�åZY»óIY���� ¦ �Ó�DYEõV� if andonly if �XÔEå3Ô×ó�÷ ù �u¬ � õ»©
We will alsousethe function MPO@Q�RTSVU with thesamearguments,returningthe type õ
only.

4.2 Dynamic Semantics

The operationalsemanticsof RL (Figure 4) is definedby meansof a variantof the
tail-call-safeC[ EK machine(Flanaganetal. [4]). Themachineconfigurationis a tuple���!Y$\]Y4^WY$_É� where� is thecurrenttermto beevaluated,\ is theenvironmentmapping
variablestomachinevalues,̂ is aheapof objects(closures),and_ isatupleof machine
resources. Dependingontheallocationstrategy used,_ is eitheracontinuationstack̀ ,
recording(asin theoriginalC[ EK machine)thecontext of theevaluationasasequence
of activationrecords,or a pair of a currentcontinuationa anda continuationheapb .
In thelatterform a is acontinuationhandleand b is a mappingfrom cId�e4fhg,ç�ejilkmR)n to
activation recordswhich offersnon-sequentialaccess.In neithercasedoesa function
applicationí �X�X� ñ performadditionalallocationsof activationrecords,sobothstrategies
aretail-call safe.

Machinevaluesareeithersmall constantsor pointersinto otherstructureswhere
largerobjectsareallocated.All closuresareallocatedon theheap(thefunction o at the
bottomof thefigureshowsthedetails).

Theactivationrecordscreatedwhenevaluatinga � �/�I� -expressionmaybeallocated
eitheronthecontinuationheapb (transitionrule í � Í ¥ � ñ ) or on thecontinuationstack̀
(rule í � Í ¥ Ï ñ ). An activationrecordrepresentsa continuation,andin our small language
thereareonly threepossibilities:thecomputationeitherhaltsor continuesby bindinga
variableto acomputedvalueor by restoringaresource.Rulesí�ú �X� � ñ and í�ú �X� Ï ñ perform
thebinding,dependingon theallocationmode.

Theevaluationof �K�I�/�����­� selectstheactivationrecordallocationstrategy for � , e.g.�É�I�/Ï����­� selectsstack-basedallocationfor � (transitionrule í1¿�¾1Í*Ï ñ ). Whenthecurrent
allocationresourceis already� we define �K�I�/���<äy� asa no-op;if a changeof resource
is performed,anactivationrecordis pushedon(thetopof) thenew allocationresource.
Correspondingly, heap-basedallocationis restoredby transitionrule í1ÌÎÍx¾x¿/ÚmÍ�� ñ after
theevaluationof � .
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Anotherno-opis the increaseof effect sets �Çäk�<� which only servestype-checking
purposes.

4.3 Soundnessof the TypeSystem

The type systemmaintainsthe propertythat the effects of well-typed programsare
possiblewith their availableresources,formalizedin the following statement,proved
by inductionon thetypingderivation.

Lemma 1. If �XÔEå3ÔEó�÷ ù � ¬ � õ is a valid typingjudgment,then åø÷ � � � � .
Semanticallythis behavior of well-typedprogramsis expressedassoundnesswith

respectto resourceuse,extendingthestandardsoundnessfor safetyof thetypesystem,
in thefollowing theorem.

Theorem1. If �/ÔI�ÉÔI�T÷}ùÉ� ¬ � õ , thentheconfiguration ���2Y��lY£�lY�� �X� ¥ � � eitherdiverges
or evaluatesto theconfiguration �}�ÓôK�<�2Y$\]Y4^WY��1� �X� ¥ � �1� (for someô , \ and ^ ), where� �X� ¥ Ï�¸¦ �1� �X� ¥ � , and � �X� ¥ �¦¸¦ ��a4Y$bT� for somea and b such that b ��a$� ¦ � �X� ¥ .

Thisresultis acorollaryof thestandardpropertiesof progressandsubjectreduction
of thesystem,theproofsof whichwesketchbelow. To simplify theproofs,weintroduce
atype-annotatedversionof thesemantics,whichmaintainstypeinformationembedded
in the runtime representation.Thus the representationof an abstractionin the type-
annotatedversionis

oº�·ª � ��¬·õ»©­�!Y$\]Y4^u� ¦ � Ë£¥ ÌV¹�Y4^9� ¹�º° 
 � ¡ ¾x¿/ÌÎÍ ò ����Y£�VY»õ4Y»�!Y�\�» ¼�½I¾m¿�À�ÁjÂ/�ã�Ó�
In addition,theruntimeenvironment\ is extendedto keepthetypeof eachvaluein its
codomain;thevaluecomponentof \ is denotedby ½ \ andthetypecomponentby Ã	\ .

Thefollowing definitionsarehelpful in definingtypability of configurations.

Definition 1. Thebottom Ä�dTfÀ�1_É� of anallocationresource _ is definedasfollows:

1. if _
¦ ��`�� , then Ä�dTfx�7_K� ¦ Ä�dTfÀ��`�òÑ� , if `

¦ÆÅ�Û�¤­µ ���£ò%Y×��òÇY�\&ò%Y�`�òÎ� , and Ä�d2fÀ�7_K� ¦ `
otherwise;

2. if _
¦ ��a4Y@bT� , then Ä�dTfÀ�1_É� ¦ Ä�dTfÀ�}�%aKò1Y@bT�1� , if b ��a$� ¦ÈÅ�Û�¤­µ ���aò%Y×��ò1Y@\&ò1Y�aKòÎ� , andÄ�dTfÀ�1_É� ¦ b ��a$� otherwise.

Definition 2. Theoutermostcontinuationheap dTÉXf�R*Ê�cId�e$fx�7_K� reachablefrom alloca-
tion resource _ is

1. b if _
¦ ��a4Y@bT� and Ä�d2fÀ�7_K� ¦ � �X� ¥ ;

2. d�ÉXf�R)Ê�cIdTe$fÀ�}�%`��}� if _
¦ ��a4Y@bT� and Ä�d2fÀ�7_K� ¦ÌË ÍO¾À¿XÚ�Í}` ;

3. � , if _
¦ �%`�� and Ä�dTfÀ�1_É� ¦ � �X� ¥ ;

4. d�ÉXf�R)Ê�cIdTe$fÀ�}�%a4Y�b �1� if _
¦ ��`�� and Ä�d2fÀ�7_K� ¦ÌË ÍO¾À¿XÚ�Íu�%a4Y�b � .

Definition 3. A configurationclosedin typeenvironmentó is typableunderresource� with a resulttype õ andan effect � , written �XÔ�ó ÷	Í5���!Y$\]Yj^WY�_É�u¬ � õ , if for someõÞò , �Vò



1. Î�dTÏ@��ó���Ð�ÎWd�Ï �1\º� ¦ � ; and
2. �XÔE�ÉÔEóIY4Ã	\ ÷}ù��&¬ � û õÞò ; and

3. ó�÷�Ñ��7_$Y@\]Y:^u�ÓÒ õÞò �Ô ¯° � û õ ; and

4. for each �ÕÒÕÎWd�Ï �1\º� ,
(a) if ½ \3���£� ¦ 
 ¡$¤ ¾ ¥DÖ , then Ã	\Ý���»� ¦ ö£� Ö � ;
(b) if ½ \Ý���£� ¦ Ë£¥ Ìj¹ and ^9�%¹»� ¦ 
 � ¡ ¾À¿XÌÑÍ*òV�Ó��×�Ya�j×�Y»õ4×	Y»��×�Y$\Ø×x� , then�ÉÔ<Ã�\�×¨÷ - ªa�
ÙÞ�4×»¬ãõ4×­©O�T×�¬!Ã�\Ý���»� , andsimilarly for typeabstractions;
(c) if ½ \3���£� ¦ 
 ¡$¤*¥ a , then Ã�\Ý���£� ¦ õ × � Ù ¹ ¡a¤O¥ and

ó7÷ Ñ ��a4YÚd�ÉXf�R*Ê�c�dTe$fÀ�1_É�}��Y�\]Y�^ÛÒ¨õ4× �@ÙÔ ¯°� Ù õ ò×
and � ¦ � ×�Ü �Vò × , for someõÞò× and �Vò × ,

and ó�÷ Ñ �1_�Y�\]Y�^u�ÝÒ õÞò �Ô ¯° � õ if

1. � ¦ 
 and _
¦ �1� �X� ¥ � (i.e.anemptystack) and õ ¦ õÞò and � ¦ � ; or

2. � ¦ 
 and _
¦ � Å�Û�¤�µ ���4×�Y×�T×	Y�\Ø×�Y�`�×x�1� and 
»Ô£ó´Y£�4×�¬/õÞò�÷ Í ���T×�Y�\Ø×�Y4^WY4`Ú×À��¬ � õ ;

or
3. � ¦ 
 and _

¦ � Ë ÍO¾À¿XÚ�Í&�%aKò1Y@b òÑ�}� and ó7÷0Ñi�}�%aKò%Y@b òÑ�:Y@\]Y:^u�ÓÒ õÞò �Ô ¯° � õ ,

andsimilarly for � ¦ � .

Notethat theenvironmentmaycontainreachablevariablesboundto continuations
evenwhenthecurrentallocationresourceis astack.Typecorrectnessof thesecontinua-
tionscannotbeverifiedwith thestackresource,insteadwehaveto find thecorrespond-
ing continuationheap.However in this casethe type systemguaranteesthat the only
continuationheapto which thereare referencesin the environmentis the outermost
continuationheap,if suchexists.The reasonis that althoughit is possibleto switch
to heapallocationafterexecutingin stackallocationmode,thereareno invocationsof�M�K�k�y�M� allowedsincethey would introducethe 
�
 effect, which is not possibleunder
thestackresource(cf. typing rule í×î ¸ � ð}¿�¾1Í ñ in Figure3).

We cannow formulatetheprogressandsubjectreductionproperties.

Lemma 2 (Progress).If �/Ô�� ÷VÍ ���2Y4\]Y4^WY�_K�è¬ � õ where � correspondsto _ (i.e.� ¦ 
 if _
¦ �%`b� , � ¦ � if _

¦ �%a4Y�b � ), and _¯Þ
¦ � �X� ¥ � , thenthere exists ß such that���!Y$\]Y4^WY$_É�Iº° × ß .

Lemma 3 (Subject reduction). If ß
¦ ���!Y$\]Y$^WY$_K� and �XÔ»� ÷ Í ßø¬ � õ where �

correspondsto _ , and ßàº° × ß ò ¦ ����ò7Y4\&ò7Yj^ ò1Y$_XòÎ� , then ��ò�Ô»� ÷$ÍÝß òu¬ � û õ where� ò correspondsto _ ò , � ¦ � ò Ü � ò × , and the rule for this transitionis í ¹ �X�y� ¹x¹ ñ only if� ¦ 
�
 Ü �Vò ò , for some�Vò × and �Vò ò .
In brief, in thecasewhen ��Þ¦ �ÓôK�<� , theproofsproceedby examiningthestructure

of thetyping derivationfor �XÔI�ÉÔ×ó´Y4Ã	\ ÷ ù �Ý¬ � û õÞò ; togetherwith condition4 of Defi-
nition 3 thisyieldsthatthevaluesin theenvironmentandon theheapshavethecorrect
shapefor theappropriatetransitionrule.In thecasewhen � hastheform ��ôÉ�1� theproofs

inspectthestructureof thederivationof ó ÷ Ñ �7_$Y@\]Y:^u�}Ò¨õÞò �Ô ¯° � õ , whichparallelsthe

decisiontreefor thetransitionrules í�ú �X� ñ and í}ÌÑÍO¾À¿XÚ�Í ñ andthehaltingstate.



4.4 ResourceTransformations

Effect inferenceandtypecorrectnesswith respectto resourceuseallow the compiler
to modify thecontinuationallocationstrategy of a programfragmentandpreserve its
meaning.Thefollowing definitionsadaptthestandardnotionsof orderingandobserva-
tionalequivalenceof opentermsto theresource-basedsystem.

Definition 4. A context ß is a termwith a hole á ; theresultof placinga term � in the
holeof ß is denotedby ß9� �O� andmayresultin capturingeffectand lambdavariables
freein � . Theholeof a context ß is of type ����YEå�Y×ó �´â � õ if ß9� �O� is typeablewhenever�/ÔIå3Ô×ó�÷}ù��&¬ � õ .

Definition 5. 
»ÔEå3Ô×ó�÷ ù �äã ��ò�¬ � õ if for all contexts ß with holeof type �Ó��YIåZYEó��Iâ� õ , all typedenvironments\ closing ß9� �O� andheapŝ closing \ , andcontinuation
stacks ` , the configuration �%ß9� ��òk��Y$\]Yj^WY��%`��}� converges if �%ß9� �O�%Y4\]Y$^WY���`��1� con-
verges. Furthermore, 
»ÔIå3Ô×ó ÷ ù �æå � ò ¬ � õ if 
»ÔIå3Ô×ó ÷ ù �Ìã � ò ¬ � õ and
»ÔEå3Ô×ó�÷ ù � ò ã[�&¬ � õ .

Onepossibleoptimizationis theconversionof heap-allocatingcodeto stack-based
strategy providedthecodedoesnot invoke �M�K�k�y�M� or �xÄ$ÅÇÆ/È , asperthefollowing theo-
rem.

Theorem2. If ��ÔEå3Ô×ó�÷ ù �u¬ Ð õ , then 
»ÔEå3Ô×óR÷ ù �É�I�K� ���­�´åèç4fÇéPcIdTe$f�êT���/Ôaó ��¬ Ð õ ,
where ç4fÇéPcIdTe$f is thetransformationdefinedasfollows.

ç4fÇéXc�dTe$f ê �1��ôÉ�×�VÔ£ó�� ¦ �ÓôK�<Ïç4fÇéPcId�e4f ê �1���­� � Ô£ó�� ¦ ��çjfhéXcId�e4f ê ���/Ô£ó��}� �çjfhéXcId�e4f ê �ã�É�I�K�u���­�IÔ£ó�� ¦ ç4fÇéXc�dTe$f ê ���/Ô£ó �çjfhéXcId�e$f ê �ã�É�I�/Ït���­�IÔ£ó�� ¦ �çjfhéXcId�e$f ê �·±��j×t��ë(Ô£ó�� ¦ � �/�EÏ5�£ò × ¦ �·ªaÏ��aòë ¬·óÂ���$ë*�I©­�É�I�K� ��±��4×��£òë �}�<ÏÁ®Ã ±��aò × �$ëç4fÇéPcIdTe$f ê ��� �/�x�,� ¦ �T× Á®Ã ��ëMÔ£ó�� ¦ � �/�EÏ5� ¦ ç4fÇéXc�dTe$f ê ���T×�Ôaó��Á®Ã çjfhéXcId�e$f ê ���	ëMÔ£ó Â Y×��¬TMPO@Q�RTSVUÂ�1�AYEå�YEóIYE�	ë*�1�
5 Translation fr om HL to RL

Programsin languageìíÒïî HL Y SLð aretranslatedinto RL by analgorithmshown in
Figure5. Thealgorithminferstheeffectandresourceannotationsof a termusingfairly
standardtechniques.It is presentedin theform of aninferencesystemfor judgmentsof
the form å3Ô×ó ÷�ñ � HL â åÂò�÷T�Ý¬ � õ , where � HL, å , and ó areinputscorresponding
respectively to the ì termto translate(alsooverloadedto HL top-level programs)and
theinheritedeffectandtypeenvironments,initially empty. Theoutputsof thetranslation
are � , å ò , � , and õ , whichstandfor thetranslatedterm,theinferredeffectenvironment,
andtheeffectandtypeof � in environmentsåºò and ó ; thustheoutputof thealgorithm
satisfies��ÔIåºò�Ô×ó ÷ ù � ¬ � õ . The function ò mapsa languagenameto the resources
availableto a programin this language:òè� HL � ¦ � and òè� SL� ¦ 
 .
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Fig.5. Typedtranslationfrom HL to RL



Several auxiliary functionsareshown in the figure,andthe definitionsof several
simplerfunctionsareasfollows.Thelub of two resourcesis definedby ��
 � ¦ � and
�
ì� ¦ � . The function � for merging two effect environmentsis definedas ��å × �åWë*�À���<� ¦ å³×M���<��
uåNëX���<� if �AÒ�ÎWd�Ï ��å³×O�!ÐWÎ�dTÏ �·åNë*� , and �·å]×��uåNë��À���<� ¦ å��×���<� on
therestof ÎWd�Ï ��å³×O���NÎWd�Ï �·åWë�� . Thefreeeffectvariablesof a type õ aredenotedbyU)R�����õV� ; the function cDkmd�n)RÉ��õ4YEå�Y×ó � returnsthe pair �>´ ����� å �����·�À©×õ4Y�å���� � ��!x� , whereî ����ð

¦
U)R"�»��õV� ¯ U)R"����ó � , andsimilarly we have cDkmd�n*R$#ØkÇk$��õ4Y×�­� ¦ ´ ���z�[�É©×õ whereî ����ð

¦
U)R�����õV� .

Separatelycompiled �/Ü(�E�XÅ Ã �K� functionsaretreatedasparametersof thecompiled
HL fragmentandarewrappedto convert the HL resources(continuationheap)to SL
resources(continuationstack).The wrappingis performedby an auxiliary function
invokedas %¦Ê}ç@Q �×û� �%ßØY»��Y£õV� , which producesa term coercing� from type õ to typec�dTe&��R)Ê)f:MXO@QXR �×û� ��õV� with resourceannotations�­ò in placeof � , andplacesit in contextß . Whencompiling separately, the effectsof an �(Ü/�E�XÅ Ã �É� function areapproximated
conservatively by applying æ çOé � to theeffect-annotateddeclaredtypeof thefunction;
by definition æèçOé � ��õV� is õ × �¯$¯$¯$¯a¯ °')(+*-,/. ¾ � À æèçxé � ��õ ë � when õ ¦ õ × �¯° � õ ë , and õ otherwise.

This allows the view of external functionsas effect-polymorphicwithout restricting
theiractualimplementations.

6 RelatedWork and Conclusions

Thework presentedin this paperis mainly inspiredby recentresearchon effect infer-
ence[6, 10, 11, 23, 24], efficientimplementationof first-classcontinuations[2, 8, 22, 1],
monadsandmodularinterpreters[30, 12, 29, 13], typedintermediatelanguages[7, 26,
20, 17, 16, 3], andforeign functioncall interface[9, 18]. In the following, we briefly
explain therelationshipof thesework with our resource-basedapproach.

– Effect systems.The ideaof usingeffect-basedtype systemsto supportlanguage
interoperationwasfirst proposedby Gifford andLucassen[5, 6]. Along thisdirec-
tion, many researchershave workedon variouskindsof effect systemsandeffect
inferencealgorithms[10, 11, 23, 24, 28]. Themainnovelty of our effect systemis
thatweimposeda“resource-based”upper-boundto theeffectvariables.Effectvari-
ablesin all previouseffect systemsarealwaysuniversally quantifiedwithout any
upperbounds,so they canbe instantiatedinto any effect expressions.Our system
limits thequantificationoverafinite setof resources—thisallowsusto takeadvan-
tageof theeffect-resourcerelationshipto supportadvancedcompilationstrategies.

– Efficient call/cc.Many peoplehaveworkedondesigningvariousstrategiesto sup-
port efficient implementationof first-classcontinuations[2, 8, 22, 1]. To support
a reasonablyefficientcall/cc,compilerstodaymostlyuse“stackchunks”(a linked
list of smallerstacks)[2, 8] or they simplyheapallocateall activationrecords[22].
Both of theserepresentationsareincompatiblewith thoseusedby traditionallan-
guagessuchasC andC++ whereactivation recordsareallocatedon a sequential
stack.First-classcontinuationsthusalwaysimposerestrictionsandinteroperabil-
ity challengesto theunderlyingcompiler. In fact,many existing compilerschoose
not to supportcall/cc, simply becausecall/cc is not compatiblewith standardC



calling conventions.The techniquespresentedin this paperprovide opportunities
to supportbothefficient call/ccandinteroperabilitywith codethat usesequential
stacks.

– Thr eads.Implementingthreadsdoesnot necessarilyrequirefirst-classcontinua-
tions but only an equivalentof one-shotcontinuations[1]. A finer distinctionbe-
tweentheseclassesof continuationsis useful,however theissuesof incorporating
linearity in the typesystemto ensuresafetyin thepresenceof one-shotcontinua-
tionsarebeyondthescopeof thispaper.

– Monads and modular interpreters. The idea of using resourcesand effects to
characterizetherun-timeconfigurationof a functionis inspiredby recentwork on
monad-basedinteractionsandmodularinterpreters[30, 12, 29, 13]. Unlike in the
monadicapproach,our systemprovidesa way of switching the runtimecontext
“horizontally” from oneto anothervia the �K�I�/�����­� construct.

– Typedintermediate languages.Typedintermediatelanguageshavereceivedmuch
attentionlately, especiallyin theHOT (i.e.,higher-orderandtyped)languagecom-
munity. However, recentwork [7, 14, 21, 17, 3, 16, 15] hasmostly focusedon
thetheoreticalfoundationsandgenerallanguagedesignissues.Thetypesystemin
this paperfocusedon the problemof compilingmultiple sourcelanguagesinto a
commontypedintermediateformat.We planto incorporatetheresourceandeffect
annotationsinto ourFLINT intermediatelanguage[21].

– Foreign function call interface. The interoperabilityproblemaddressedin this
paperhasmuchin commonwith frameworksfor multi-lingualprogramming,such
as ILU, CORBA [27], and Microsoft’s COM [19]. It also relatesto the foreign
functioncall interfacesin mostexistingcompilers[9, 18]. Althoughthesework do
addressmany of thelow-levelproblems,suchasconvertingdatarepresentationsbe-
tweenlanguagesor passinginformationto remoteprocesses,their implementations
donotprovideany safetyguarantees(or if they do,they wouldrequireexternalpro-
gramsrunin aseparateaddressspace).Thework presentedin thispaperfocuseson
interfacingprogramsrunningin thesingleaddressspacewith muchhigherperfor-
mancerequirements.We emphasizebuilding a safe, efficient, androbust interface
acrossmultipleHOT languages.

We believewhatwehavepresentedin thispaperis a goodfirst-steptowardsa fully
formal investigationon the topic of safefine-grainlanguageinteroperations.We have
concentratedon theissuesof first-classcontinuationsin this paper, but the framework
presentedhereshouldalsoapply to handleotherlanguagefeaturessuchasstates,ex-
ceptions,andnon-termination.The effect systemdescribedin this paperis alsovery
generalandusefulfor staticprogramanalysis:becauseit supportseffectpolymorphism,
effectinformationis accuratelypropagatedthroughhigh-orderfunctions.Thisis clearly
muchmoreinformativethanthesingleone-bit(or N-bit) informationseenin thesimple
monad-basedcalculus[16, 25].

Therearemany hardproblemsthat mustbe solved in orderto supporta safeand
fine-grainedinteroperationbetweenML andsafe-C,for instance,the interactionsbe-
tweengarbagecollectionandexplicit memoryallocation,betweentype-safeandunsafe
languagefeaturesetc.We planto pursuetheseproblemsin thefuture.
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